Age is the most prominent risk factor for the development of postoperative cognitive dysfunction. The present study investigated the role of CX3CL1-CX3CR1 signaling in age-related differences in surgery-induced cognitive deficits and neuroinflammation. Adult and aged male Sprague-Dawley rats were subjected to partial hepatectomy or partial hepatectomy with intracerebroventricular infusion of CX3CL1. On postoperative days 3, 7, and 14, the rats were subjected to an open field test and the Morris water maze test. Hippocampal interleukin-1b, CX3CL1, CX3CR1, brain derived neurotrophic factor (BDNF), ionized calcium-binding adapter molecule 1 (Iba-1), and Arginase-1 (Arg1) levels were measured. Age exacerbated cognitive impairment and increased neuroinflammation following surgery. Surgery-induced decreases in CX3CL1 and CX3CR1 proteins were accompanied by increased microglial activation, as indicated by increased Iba-1 expression. Corresponding decline in Arg1 and BDNF levels were observed. Treatment with CX3CL1 decreased proinflammatory cytokines expression, increased BDNF and Arg1 levels in the brain, and enhanced behavioral recovery. The surgery-induced decreases in CX3CL1 and CX3CR1 expression exacerbated postoperative cognitive deficits and exaggerated neuroinflammatory responses in this rodent model. Treatment with CX3CL1 attenuated these effects, at least partly by inhibiting microglial activation, decreasing the associated production of proinflammatory cytokines, and enhancing BDNF expression.
INTRODUCTION
Postoperative cognitive dysfunction (POCD) is a common and distressing complication following anesthesia and surgery. Age has been identified as the most prominent risk factor for early POCD, which provokes enhanced neuroinflammatory responses (1) (2) (3) . Accumulating evidence has demonstrated that the neuroinflammatory response plays a key role in the pathogenesis of POCD (2, 4) . Proinflammatory cytokines inhibit neuronal functions, including long-term potentiation, dendritic branching, oxidative stress activation, and increased permeability of the blood-brain barrier (5-7).
Microglia play a major role in the development of POCD. Microglia are primary immune cells and are the major source of pro-inflammatory cytokines in the central nervous system (CNS) (8) . Microglia generally exhibit a quiescent phenotype in the healthy brain (2) . During normal aging, microglial cells are primed and produce an exaggerated and prolonged neuroinflammatory response when they are further provoked (e.g. by injury or stress) (9) . An exaggerated microglial response is coupled with a myriad of complications including neurobehavioral deficits (2) . Therefore, the activation of microglial cells is necessary to be tight regulated to limit cytokine production and inhibit the neuroinflammatory response.
C-X3-C motif chemokine ligand 1 (CX3CL1) is expressed on neurons and is thought to modulate microglial function through interactions with its receptor C-X3-C motif chemokine receptor 1 (CX3CR1) (10) . CX3CL1 has been demonstrated to play a neuroprotective role by reducing neurotoxicity, inhibiting microglial activation, and promoting the release of neuroprotective soluble factors (e.g. adenosine) (11) . Emerging data highlight the beneficial role of CX3CL1-CX3CR1 in the pathogenesis of Alzheimer disease (12) . CX3CR1 knockouts amplified microglia-mediated production of proinflammatory cytokine interleukin (IL)-1b expression and neurotoxicity in CX3CR1 -/-mice compared with CX3CR1 þ/-mice (10) . Furthermore, CX3CR1-deficiency failed to enhance hippocampal long-term potentiation and improve learning performance in a Morris water maze (MWM) (10, 13) . These data indicated that impairment of CX3CL1-CX3CR1 signaling might exaggerate brain damage and result in cognitive deficits.
Peripheral immune challenge is transmitted to the brain via multiple humoral and neural routes (14) . Vagal sensory pathways are known to be important in mediating cytokineinduced sickness behavior (15) . In rats, subdiaphragmatic vagotomy attenuates the upregulation of IL-1b in the hippocampus and alleviates behavioral depression induced by peripheral injection of lipopolysaccharides (LPSs). Furthermore, vagal stimulation also increases IL-1b in the brain. Increasing evidence has highlighted the participation of peripheral molecules, particularly inflammatory species, which may influence or exacerbate the development of neurodegenerative disorder in the CNS. Under inflammatory conditions, some of the molecules following surgery can pass through BBB, which in turn will induce POCD (16) . These findings explain why activation of the peripheral innate immune system by surgical trauma induces brain glial cell activation to produce proinflammatory cytokines responsible for cognitive deficits.
Our previous study demonstrated that surgical trauma exacerbated spatial learning and memory impairment and exaggerated neuroinflammatory responses in the brains of older animals (2, 4). There is increasing evidence that aging is associated with enhanced neuroinflammatory responses, including microglial activation and the production of proinflammatory cytokines, such as IL-1b, IL-6, and tumor necrosis factor (TNF)-a (17) (18) (19) . CX3CL1-CX3CR1 signaling has been shown to play an important role in the maintenance of normal brain function and the bidirectional interaction between neurons and neighboring glial cells in health and disease (20) . The purpose of this study was to determine the role of CX3CL1-CX3CR1 signaling in surgery-induced microglial activation, neuroinflammatory responses, and behavioral deficits in both adult and aged rats. Furthermore, we attempted to determine whether treatment with CX3CL1 inhibited neuroinflammatory responses by modulating microglial function and improved neurobehavioral deficits.
MATERIALS AND METHODS

Animals
Adult (3-6 months old) male Sprague-Dawley rats were randomly divided into 3 groups, including a control group (n ¼ 36), a surgery group (n ¼ 36), and a CX3CL1 þ surgery group (n ¼ 36). In parallel, aged (20-24 months old) male Sprague-Dawley rats were divided into the same 3 treatment categories, for a total of 6 groups. All animals were individually housed in polypropylene cages and maintained at 25 C under a 12-hour light/12-hour dark cycle with food and water available ad libitum. The control rats stayed in their home cage. Partial hepatectomy was performed under general anesthesia (a gas mixture of 2.0%-2.5% isoflurane and oxygen) in the surgery groups as previously described (2, 4) . Briefly, the liver was exposed through a 1-2 cm midline abdominal incision. The left lateral lobes of the liver (approximately corresponding to 30% of the organ) were excised. The rats in the CX3CL1 þ surgery group received an intracerebroventricular injection of CX3CL1 (1 mg/mL rat recombinant CX3CL1 in 0.9% NaCl, 5 mL) followed by partial hepatectomy. The rats in the surgery group and the control group received a similar injection of vehicle in the same place. To limit variability, all surgeries were performed by the same person. All experiments were conducted in accordance with the National Institute of Health Guide and Use of Laboratory Animals and were approved by China Medical University Animal Care and Use Committee (2017105).
Experimental Procedure
All rats were trained in a MWM with 3 trials per day for 6 consecutive days before surgery. Next, both adult and aged rats were subjected to partial hepatectomy and intracerebroventricular infusion under general anesthesia. The rats (n ¼ 6 in each group at each time point) were killed and their hippocampi were harvested for biochemical analyses after the behavioral test on postoperative days 3, 7, and 14. The tissues were stored at À80 C until processed. The remaining rats (n ¼ 6 in each group at each time point) were transcardially perfused with phosphate-buffered saline (PBS) for 3 minutes, followed by 4% paraformaldehyde in PBS for immunohistochemistry.
Open Field Test
Spontaneous locomotor activities and the level of anxiety were determined using an open-field test on postoperative days 3, 7, and 14. The animals were monitored for 5 minutes in a square wooden arena (100 Â 100 Â 50 cm) using video tracking software. The animals were placed individually into the center of the area and allowed to explore freely. The test was conducted in a quiet room in the morning (8:00-12:00 AM). The open field was divided into 25 equal squares, including peripheral area (16 around squares, 20 cm wide) and central area (9 middle squares, 60 Â 60 cm). Spontaneous locomotor activity was assessed by the total amount of distance traveled in the chamber. The time in the central area was taken as measures of anxiety and exploratory behavior.
MWM Test
Spatial learning and memory were evaluated using an MWM protocol. Briefly, the rats were placed on the platform for 30 seconds before the start of each trial and released into the water facing the wall of the pool from 1 of 4 randomly assigned release points (N, W, S, and E). In all trials, the rats were allowed to swim until they landed on the platform. If a rat failed to find the platform within 60 seconds, it was picked up and placed on the platform for 15 seconds. The rat was then removed to the cage and allowed to dry in a warm environment. Each rat was trained with the platform in a fixed location for 4 trials per day for 6 consecutive days. On postoperative days 3, 7, and 14, all rats were subjected to a probe trial in which the platform was removed and each animal freely search the pool for the platform within 60 seconds. Crossing times and time spent in the target quadrant were taken as measures of spatial learning and memory. The behavior performance was assessed by an investigator who was unaware of the intervention condition (the surgical incision area was covered with tape for all groups).
Intracerebroventricular Infusion
For intracerebroventricular infusion, the rats were placed in a stereotaxic frame under general anesthesia with a gas mixture of 2.0%-2.5% isoflurane and oxygen. A guide cannula was stereotaxically implanted in the left ventricle (AP, -1.0; ML, 1.6; DV, À3.5 mm). A microsyringe drive (BASi, West Lafayette, IN) operated with a programmable controller (Bee Hive Controller; BASi) delivered recombinant rat CX3CL1 (5 mg in 0.9% NaCl, 5 mL, R&D Systems, Minneapolis, MN) to the animals at a rate of 1 mL/minute in the CX3CL1 group or 0.9% NaCl solution (5 mL) to the animals in the control group. Postoperative care included 1% lidocaine (0.5 mL) applied to the exposed skin on closure.
Immunohistochemistry
The brains were cut into 5-lm coronal slices using a cryostat (Leica Microsystems, Wetzlar, Germany), directly mounted, and stored at À20 C until immunohistochemical staining was performed. The sections were blocked with 5% NRS (normal rabbit serum) for 30 minutes, and then incubated with 1:1000 goat-anti anti-ionized calcium-binding adapter molecule 1 (Iba-1; Abcam, Cambridge, UK) in PBS overnight at room temperature at 4 C. The sections were then incubated with 1:500 rabbit-anti goat secondary antibody (Jackson ImmunoResearch, Wet Grove, PA) for 20 minutes. All sections were incubated for 20 minutes with the avidin-biotin peroxidase complex (Vectastain ABC kit, Vector, Burlingame, CA) at room temperature. Labeling was visualized using a 0.075 mg/mL diaminobenzidine solution activated with 0.1% H 2 O 2 . All sections were thoroughly rinsed with PBS between staining steps. The tissue was then dehydrated with graded alcohol, cleared with xylene, and visualized using a compound light microscope (Olympus surgery-induced reduction in CX3CR1 expression is associated with decreased sensitivity to CX3CL1Japan). The integrated optical density (IOD) of the positively stained area was analyzed at 200Â magnification in the CA1 region using image analysis software (Image-Pro Plus 6.0).
Western Blotting
The tissue samples were homogenized in ice-cold strong RIPA lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS; Beyotime, Shanghai, China) containing 1% Protease Inhibitor Cocktail (Cell Signaling Technology, Danvers, MA). The lysates were shaken in an ice bath for 30 minutes and cleared by centrifugation (12 000g for 10 min, 4 C). The supernatant was collected and subjected to immunoblotting analysis. Following denaturation, equal amounts of total protein (60 mg) from the hippocampi were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis ([SDS-PAGE]; Beyotime) and transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA). The blots were blocked with 5% skim milk in TBST for 1 hour at room temperature and then incubated overnight at 4 C with the following primary antibodies: . After washing with TBST, the membranes were incubated with one of the following peroxidase-conjugated secondary antibodies: Horseradish peroxidase-conjugated anti-mouse and anti-rabbit IgG antibody (1:10 000; ZSGB-BIO) for 2 hours at room temperature. The immunoreactivity was detected using enhanced chemiluminescence (ECL Advance Kit; Bio-Rad) and visualized using Image Lab software (Image Lab). The relative levels of the protein of interest were normalized by the ratio of target protein to bactin.
Real-Time PCR
Total RNA was isolated from the whole hippocampus using the TRIzol reagent (Takara, Otsu, Japan) according to the manufacturer's instructions. RNA (1.0 lg) for each condition was reverse transcribed using the PrimeScript RT reagent Kit with gDNA Eraser (Takara). Two microliters of cDNA were used to perform quantitative real-time PCR. The following primers were used to amplify the mRNA: Arg1 (encoding arginase-1):
(forward) and 5 0 -CACGATGTCCTTGGCAGATA-3 0 (reverse). To normalize the cycle threshold values to an endogenous control, the following primers were used: 5 0 -GGGGCTCTCTGCTCCTCCCTG-3 0 (forward) and 5 0 -AGGCGTCCGATACGGCCAAA-3 0 (reverse) for rat Gapdh mRNA. Primers were obtained from Sangon Biotech. The real-time PCR conditions were set as follows: 95 C for 10 minutes (initial denaturation); followed by 40 cycles of 95 C for 20 seconds, 62 C for 30 seconds and 72 C for 30 seconds (amplification). Relative gene expression was determined by calculating the expression ratio of the gene of interest to that of Gapdh. The relative mRNA expression was quantified using the 2-DDCt method.
Statistical Analysis
All of the data are presented as mean 6 standard error of the mean (SEM). The Statistical Package for the Social Sciences (SPSS) 20.0 was used for the statistical analyses. The training behavioral parameters were analyzed by a repeated two-way analysis of variance (ANOVA). A multivariate ANOVA examined the effects of age, surgery and treatment on the working memory performance during the reverse testing. Data from the western blots and real-time PCR were subjected to a multivariate ANOVA in which age, surgery, and treatment were dependent variables. Bonferroni's test was employed when the ANOVA showed significance. A p value < 0.05 was considered statistically significant.
RESULTS
Surgical Trauma Induced Neurobehavioral Impairment, and Exogenous CX3CL1 Administration Rescued Behavioral Deficits in Both Adult and Aged Rats
Spontaneous locomotor activity and anxiety-like behavior were assessed in the open field test (Fig. 1) . The total distance was much smaller in both adult and aged surgery group compared with that in the age-matched control group on postoperative day 3 (p < 0.001 and p < 0.001, respectively; Fig. 1A ). No significant difference for the total distance was observed between the adult and aged surgical rats on postoperative days 3, 7, and 14 (p ¼ 0.132, p ¼ 0.754, and p ¼ 0.935, respectively). The center duration in both adult and aged surgical rats was significant shorter compared with that of agematched controls on postoperative day 3 (p < 0.001 and p < 0.001, respectively; Fig. 1B ). Age produced an additive effect on the time in the central area in the surgical animals on postoperative day 3 (p ¼ 0.033). Compared with the aged surgical rats, exogenous CX3CL1 administration partially improved the locomotor activity (p ¼ 0.021) and anxiety-like behavior (p ¼ 0.006) in the aged rats on postoperative day 3. Similar behavior improvement (the total distance and center duration) was also observed in the adult rats on postoperative day 3 (p ¼ 0.043 and p ¼ 0.039, respectively).
Both adult and aged rats showed improvement in spatial learning and memory over 6 consecutive training days before surgery in MWM test (Fig. 2) . The swimming data revealed significant effects of day (p < 0.001 and p < 0.001, respectively) and age (p < 0.001 and p ¼ 0.020, respectively) on both the times to cross the original location of the platform and the time in the target zone ( Fig. 2A, B) but not on the speed (p ¼ 0.189 and p ¼ 0.373, respectively; Fig. 2C ) in adult and aged rats. No differences in the times to cross the original location of the platform (p ¼ 0.801) and the time in the target zone (p ¼ 0.731) were observed between the adult and aged controls, indicating that the adult and aged animals have normal acquisition of spatial information. Surgical trauma significantly reduced the times to cross the original location of the platform during the probe trial in both adult and aged surgical rats compared with the age-matched controls on postoperative day 3 (p ¼ 0.006 and p ¼ 0.029, respectively; Fig. 3A) . Importantly, exogenous CX3CL1 administration reversed the change in crossing times in both adult and aged surgical rats on postoperative day 3 (p ¼ 0.048 and p ¼ 0.040, respectively). The time spent in the target zone was significantly decreased in both adult and aged surgical rats compared with that of the age-matched controls on postoperative day 3 (p ¼ 0.002 and p < 0.001, respectively; Fig. 3B ). When pretreated with exogenous CX3CL1, both adult and aged surgical rats increased the time in the target zone on postoperative day 3 (p ¼ 0.045 and p ¼ 0.034, respectively). Although no significant difference was observed, the aged surgical rats showed a trend to decrease the crossing times and the time spent in the target zone compared with the day-matched adult surgery group. There was no significant difference for the speed between adult and aged surgical rats in the MWM test (p ¼ 0.463; Fig. 3C ). The lack of an effect of speed suggests that the poorer performance of aged surgical rats did not result from their lack of motivation or reduced motor ability.
Surgical Trauma and Age Downregulated CX3CL1 Expression in the Hippocampus
There was no significant difference in the baseline levels of CX3CL1 between the adult and aged control rats (p ¼ 0.684; Fig. 4) . The CX3CL1 protein level was downregulated by surgical trauma in the adult rats on postoperative day 3 (p ¼ 0.024; Fig. 4 ). However, in the aged rats, the lower expression of CX3CL1 protein was maintained until day 7 (p ¼ 0.033) and returned to baseline on day 14 (p ¼ 0.664) compared with that of the aged controls (Fig. 4) . Exogenous CX3CL1 increased the levels of CX3CL1 in both adult and aged rats on postoperative day 3 (p < 0.001 and p < 0.001, respectively) when compared with the age-matched surgical rats (Fig. 4) . Similar results were also obtained for CX3CR1 (Fig. 5) . No significant difference for the baseline levels of CX3CR1 was found between the adult and aged controls (p ¼ 0.665). The level of the CX3CR1 protein was downregulated by surgical trauma in the adult rats on postoperative day The results are represented as the mean 6 SEM. **p < 0.001 versus the day-matched and age-matched control group; #p < 0.05 versus the day-matched and age-matched surgery group; &p < 0.05 versus the day-matched adult surgery group. P3, P7, and P14: postoperative days 3, 7, and 14, respectively. CX3CL1, C-X3-C motif chemokine ligand 1; SEM, standard error of the mean. Fig. 5 ). However, in the aged rats, the lower expression of CX3CR1 protein was maintained until day 7 (p < 0.001) and returned to baseline on day 14 (p ¼ 0.178) FIGURE 2. Both adult and aged rats showed improvements in swimming latency and distance over 6 consecutive training days in a Morris water maze. However, the aged rats swam more latency and distance compared with the adult rats on training days 2 and 3. (A) Swimming latency to the platform. compared with that of the aged controls (Fig. 5) . Exogenous CX3CL1 increased the levels of CX3CR1 in adult rats on postoperative day 3 (p ¼ 0.031) when compared with the agematched surgical rats (Fig. 5) . A similar improvement was found in aged rats on postoperative days 3 (p < 0.001) and 7 (p ¼ 0.027).
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Age Exacerbated Surgery-Induced Neuroinflammatory Responses and Exogenous CX3CL1 Administration Reduced the Expression of Proinflammatory Cytokines
There was no significant difference in the baseline levels of IL-1b between the adult and aged control rats (p ¼ 0.121; Fig. 6 ). Surgical trauma upregulated hippocampal IL-1b expression in the adult animals on postoperative day 3 (p < 0.001) and returned to baseline on day 7 (p ¼ 0.056) compared with the age-matched controls (Fig. 6) . The protein levels of IL-1b in the aged rats were significantly increased on postoperative days 3 (p < 0.001), and 7 (p ¼ 0.002) following surgical challenge (Fig. 6) . Age amplified the surgery-induced increase in IL-1b protein expression when compared with the day-matched adult surgery group on postoperative days 3 (p < 0.001) and 7 (p < 0.001). Compared with the aged surgical rats, exogenous CX3CL1 administration significantly decreased the levels of IL-1b in the hippocampus on postoperative days 3 (p < 0.001), and 7 (p ¼ 0.017). A similar reduction for IL-1b was also observed in the adult surgical rats following exogenous CX3CL1 treatment on postoperative day 3 (p < 0.001).
Surgical Trauma Enhanced Microglial Activation, and Treatment With CX3CL1 Decreased the Levels of Iba-1 A significant difference was observed for the basal hippocampal Iba-1 levels between the adult and aged rats (p < 0.001; Fig. 7) . Compared with the age-matched controls, surgical trauma significantly increased the levels of Iba-1 in both adult and aged rats on postoperative day 3 (p < 0.001 and p < 0.001, respectively; Fig. 7) . Although the Iba-1 protein level in the adult subjects returned to baseline on day 7 (p ¼ 0.186), the levels of Iba-1 in the aged subjects remained significantly upregulated until postoperative day 7 (p < 0.001) and recovered on day 14 (p ¼ 0.930). Treatment with CX3CL1 attenuated the surgery-induced increase in Iba-1 expression on postoperative days 3 (p < 0.001) and 7 (p < 0.001) in the aged surgical rats (Fig. 7) . A similar improvement was found in the adult surgical animals on postoperative day 3 (p < 0.001; Fig. 7 ).
There was no significant difference in the baseline levels of M2 phenotype marker Arg1 in the adult and aged rats (p ¼ 0.378). Surgical trauma significantly decreased the mRNA levels of Arg1 in both adult and aged rats on FIGURE 4 . Surgical trauma significantly downregulated CX3CL1 protein expression on postoperative day 3 in the adult rats. However, in the aged rats, the lower expression of CX3CL1 was maintained until day 7 compared with that of the aged controls. The results are represented as the mean 6 SEM. *p < 0.05 versus the age-matched control group; ##p < 0.001 versus the day-matched surgery group. P3, P7, and P14: postoperative days 3, 7, and 14, respectively. C: control; S: surgery; S þ I: surgery þ CX3CL1. CX3CL1, C-X3-C motif chemokine ligand 1; SEM, standard error of the mean. FIGURE 5. The CX3CL1 receptor (CX3CR1) protein was significantly downregulated following surgical trauma in the brains of the adult rats on postoperative day 3. The lower expression of CX3CR1 in the aged rats was maintained until day 7 and returned to baseline on day 14 compared with the age-matched controls. The results are represented as the mean 6 SEM. *p < 0.05, **p < 0.001 versus the day-matched and age-matched control group; #p < 0.05, ##p < 0.001 versus the day-matched and age-matched surgery group. P3, P7, and P14: postoperative days 3, 7, and 14, respectively. C: control; S: surgery; S þ I: surgery þ CX3CL1. CX3CL1, C-X3-C motif chemokine ligand 1; SEM, standard error of the mean.
postoperative day 3 (p < 0.001 and p < 0.001, respectively; Fig. 8 ). Although Arg1 mRNA expression in the adult subjects returned to baseline on day 7 (p ¼ 0.108), the expression of Arg1 in the aged subjects remained significantly downregulated on postoperative day 7 (p < 0.001) and recovered on day 14 (p ¼ 0.102; Fig. 8 ). Age amplified surgery-induced Arg1 downregulation on postoperative day 3 (p ¼ 0.003) compared with the day-matched adult surgery group. Treatment with CX3CL1 significantly increased the mRNA levels of Arg1 in both adult and aged rats on postoperative day 3 (p < 0.001 and p < 0.001, respectively; Fig. 8 ).
Surgical Trauma Decreased the Levels of BDNF and Administration of Exogenous CX3CL1 Reversed BDNF Expression
Surgical trauma significantly decreased BDNF expression in the adult rats on postoperative day 3 (p ¼ 0.008; Fig. 9 ). The levels of BDNF were significantly decreased following surgical challenge in the aged rats on postoperative days 3 (p < 0.001) and 7 (p ¼ 0.003) but recovered on day 14 (p ¼ 0.992; Fig. 9 ). Compared with the day-matched adult surgery group, a lower level of BDNF was observed in the aged FIGURE 6 . Compared with the day-matched adult surgery group, age amplified and prolonged surgery-induced hippocampal IL-1b protein expression. Treatment with CX3CL1 significantly downregulated the levels of IL-1b in the brains of the aged rats on postoperative days 3 and 7. The similar reduction for IL-1b protein was also observed in the adult rats on postoperative day 3. The results are represented as the mean 6 SEM. *p < 0.05, **p < 0.001 versus the daymatched and age-matched control group; #p < 0.05, ##p < 0.001 versus the day-matched and age-matched surgery group; &&p < 0.001 versus the day-matched adult surgery group. P3, P7, and P14: postoperative days 3, 7, and 14, respectively. C: control; S: surgery; S þ I: surgery þ CX3CL1. IL-1b, interleukin 1 beta; CX3CL1, C-X3-C motif chemokine ligand 1; SEM, standard error of the mean.
FIGURE 7.
There is a significant difference for the basal hippocampal Iba-1 levels between the adult and aged rats. Surgical trauma increased the levels of Iba-1 on postoperative day 3 in the adult rats. However, in the aged rats, the higher levels of Iba-1 were maintained until day 7 compared with that of the aged controls. Treatment with CX3CL1 significantly downregulated the levels of Iba-1 on postoperative days 3, and 7 in the aged rats. (A) Representative images of Iba1-labeled activated microglia in the hippocampus in both adult and aged rats. (B) The IOD of hippocampal CA1 region Iba1-positive cells in both adult and aged rats. The results are represented as the mean 6 SEM. **p < 0.001 versus the daymatched and age-matched control group; ##p < 0.001 versus the day-matched and age-matched surgery group; &&p < 0.001 versus the day-matched adult control group. P3, P7, and P14: postoperative days 3, 7, and 14, respectively. Iba-1, ionized calcium-binding adapter molecule 1; IOD, integrated optical density; CX3CL1, C-X3-C motif chemokine ligand 1; SEM, standard error of the mean. Scale bars: 50 mm.
surgery group on postoperative day 3 (p < 0.001). Administration of exogenous CX3CL1 increased the levels of BDNF in the hippocampus compared with that in the aged surgical rats on postoperative day 3 (p ¼ 0.038) when compared with the age-matched surgery group (Fig. 9) . A similar improvement in BDNF levels was also found in the adult surgical animals following exogenous CX3CL1 treatment on postoperative day 3 (p ¼ 0.001).
DISCUSSION
Surgery-induced neuroinflammatory responses are considered to play a central role in the development of POCD, which may influence neuronal function either directly or through modulation of intraneuronal pathways (e.g. the BDNF-mediated pathway) (2, 4, 6) . The present study demonstrates that surgical trauma exacerbates spatial learning and memory impairment in the aged (vs adult) rats, which may be mediated in part by the upregulation of proinflammatory cytokines in the hippocampus. Surgery-induced reduction of CX3CL1 corresponded with exaggerated prolonged microglial activation, reduced BDNF levels, exacerbated spatial learning and memory impairment, and amplified the neuroinflammatory responses in the aged rats. Exogenous CX3CL1 administration inhibited neuroinflammatory responses and reversed surgery-induced behavior deficits, at least partly by modulation of microglial function. These data indicated that impaired CX3CL1/CX3CR1 signaling is a key contributor to the exaggerated microglial activation, neuroinflammatory responses, and behavior deficits in response to surgical challenge.
Increasing evidence indicates that impairment of CX3CL1-CX3CR1 signaling is associated with learning and memory deficits. In CX3CR1-deficient mice, acute inflammatory stimuli amplified microglial activation and increased the associated production of proinflammatory cytokines, leading to prolonged depressive-like symptoms (21) . In addition, the downregulation of CX3CR1 on microglia of aged mice was associated with extended IL-1b expression and prolonged sickness behavior (22) . In the present study, surgical trauma induced neurobehavioral deficits in this surgical rat model. These behavioral disturbances were accompanied by reduced CX3CL1 and CX3CR1 expression, excessive microglial activation, and exaggerated neuroinflammatory responses. Intracerebroventricular administration of exogenous CX3CL1 attenuated the behavioral disturbances. The recovery of cognitive capacities indicated that CX3CL1-CX3CR1 signaling is critically involved in surgery-induced behavior deficits.
CX3CL1 exerts its anti-inflammatory effect via CX3CR1, inhibiting the overproduction of iNOS, IL-1b, IL-6, and TNF-a. Exposure of a neuron-microglia coculture to CX3CL1 attenuated LPS-induced proinflammatory cytokines production and reduced inflammation-related neuronal death (11, 23) . Furthermore, pretreatment with a neutralizing anti-CX3CL1 antibody resulted in exaggerated neuroinflammation (i.e. TNF-a and 8-isoprostane production) following FIGURE 8 . The mRNA levels of M2 phenotype marker Arg1 were downregulated in both adult and aged rats. Age amplified surgery-induced Arg1 downregulation on postoperative day 3 compared with the day-matched adult surgery group. The infusion of CX3CL1 significantly increased the level of Arg1 mRNA on postoperative day 3. The results are represented as the mean 6 SEM. **p < 0.001 versus the day-matched and agematched control group; ##p < 0.001 versus the day-matched and age-matched surgery group; &p < 0.05 versus the daymatched adult surgery group. P3, P7, and P14: postoperative days 3, 7, and 14, respectively. Arg1, arginase-1; CX3CL1, C-X3-C motif chemokine ligand 1; SEM, standard error of the mean. FIGURE 9. BDNF protein expression was significantly downregulated following surgical challenge in the brains of the aged rats on postoperative days 3 and 7. The levels of BDNF had a reduction in the adult rats on postoperative day 3 and recovered on day 7. A lower level of BDNF was observed in the aged surgery group on postoperative day 3 compared with the day-matched adult surgery group. Treatment with CX3CL1 increased the level of BDNF compared with the daymatched aged surgery rats on postoperative day 3. The results are represented as the mean 6 SEM. *p < 0.05, **p < 0.001 versus the day-matched and age-matched control group; #p < 0.05 versus the day-matched and age-matched surgery group; &&p < 0.001 versus the day-matched adult surgery group. P3, P7, and P14: postoperative days 3, 7, and 14, respectively. C: control; S: surgery; S þ I: surgery þ CX3CL1. BDNF, brain derived neurotrophic factor; CX3CL1, C-X3-C motif chemokine ligand 1; SEM, standard error of the mean. intracerebroventricular injection of LPS (22, 24) . The results of the current study suggested that surgical stress inhibits CX3CL1 expression, which appears to significantly enhance microglial activity and neuroinflammatory responses in the brain. Furthermore, treatment with CX3CL1 decreased the levels of proinflammatory cytokines and improved behavioral changes in the rats subjected to surgery. Collectively, these findings indicated that impairment of CX3CL1 and CX3CR1 signaling in the brain leads to amplified neuroinflammatory responses.
CX3CL1-CX3CR1 signaling is proposed to keep microglia in a nonproinflammatory state, because inhibition of this signaling has been shown to increase microglial activation and the associated production of proinflammatory cytokines (25, 26) . Exposure of microglia to CX3CL1 reduced microglia toxicity and protected microglia from apoptosis under inflammatory conditions. LPS-triggered microglial activation was exaggerated in CX3CR1-deficient mice, providing further evidence of a role for CX3CL1-CX3CR1 signaling in modulating microglial function (27) . In this study, surgery-induced CX3CL1 and CX3CR1 downregulation were accompanied by amplified microglial activation, as indicated by increased Iba-1 expression. Importantly, excessive microglial activation was rescued by administration of exogenous CX3CL1. This finding indicates that disruption of CX3CL1-CX3CR1 function results in an increase in microglial activation, which could be responsible for the negative regulation of neuroinflammatory responses and neurobehavioral deficits.
The activated microglia play a dual role because of distinct microglia phenotypes, including deleterious M1 and neuroprotective M2 phenotypes (4, 28) . M1 represents a detrimental state of microglia, characterized by high expression of proinflammatory mediators (e.g. IL-1b, IL-6, and TNF-a). Conversely, the M2 phenotype may reverse neuron loss, accelerate the removal of cellular debris, repair neural networks and enhance the production of neurotrophic mediators (e.g. BDNF) (9, 29) . However, the M2 phenotype may also be detrimental for the brain. For example, in gliomainfiltrating microglia, the immune function appears to be suppressed by the acquisition of the M2 phenotype, which has protumoral effects (30) . Following the recognition of infection or injury, microglia rapidly shift to an activated proinflammatory state (M1 phenotype); after the induction of the immune response, microglia shift to the alternative activated phenotype (M2 phenotype), which promotes wound healing and functional recovery (31, 32) . The present study demonstrated that administration of CX3CL1 ameliorated neuroinflammatory response and rescued cognitive deficits by selectively enhancing the function of M2-polarized microglia. These data indicated that CX3CL1 decreased neuroinflammation through switching microglia toward the M2 phenotype.
Several studies have indicated that age-related disruption of CX3CL1-CX3CR1 signaling results in increased microglia neurotoxicity and an associated worsening in disease pathology (27) . Consistent with previous research (33) , an age-dependent reduction in CX3CL1 protein was found in this study. A potential explanation for the lower level of CX3CL1 in the brain of aged rat is a reduction in total CX3CL1 produced by neurons (34) . This may be caused by increased neuronal loss with aging or functional changes in aged neurons associated with impaired oxidative or calcium homeostasis (35) . Along with reductions in brain levels of CX3CL1, regulation of CX3CR1 expression on the surface of microglia might also be impaired in the aged brain. The surgery-induced increase in Iba-1 positive microglia was attenuated following a single intracerebroventricular injection of CX3CL1. Thus, a reduction in CX3CL1 protein in the brain contributes to a reduced ability to regulate microglial activation after surgical trauma challenge.
Whether activation of endogenous CX3CL1-CX3CR1 signaling in microglia is neuroprotective (36, 37) or neurotoxic (38) in the setting of neuroinflammation remains controversial. Activation of CX3CL1-CX3CR1 signaling reduces microglia toxicity and consequently, neuronal damage both in vitro and in vivo models of neuropathologies and brain inflammation (37, 39) . CX3CL1 reduces the neuronal death induced by glutamate and exerts its neurotrophic effect through microglia-derived protective factors (40, 41) . In contrast, CX3CL1 is reported to play opposite roles in murine models of transient cerebral ischemia (38, 42) . These conflicting observations indicate the complexity and disease-specific regulation of neuron-microglia communication via CX3CL1 and CX3CR1. It is possible to reconcile these discrepant findings using different animal models and the potential functional compensation after genetic CX3CR1 knockout. The present findings highlighted the potential beneficial effects of CX3CL1-CX3CR1 signaling in modulating microglial function and neruoinflammation following surgical challenge.
Under physiological conditions, CX3CL1-CX3CR1 signaling is involved in different brain functions, both in development and in adulthood. In hippocampal CA1 region, CX3CL1 -/-mice showed reduced numbers of microglia during postnatal development, suggesting that CX3CL1 signaling acts as a chemotropic agent to attract microglial cells within the brain (43) . In the adult brain, CX3CL1 holds back microglia in a quiescent state. Microglial cell activation occurs when levels of CX3CL1 decrease in the hippocampus of aged rats (44) . This homeostatic suppression of microglial activation might be the major role of the CX3CL1-CX3CR1 axis. In the present study, intracerebroventricular administration of CX3CL1 (5 mg) enhanced behavioral recovery. Further study is needed to determine whether systemic administration of CX3CL1 could improve postoperative behavior deficits.
BDNF is an important regulator of synaptic transmission and long-term potentiation in the brain, which are involved in memory formation and maintenance. The BDNF-mediated pathway has been implicated as mediator between inflammatory processes and neuronal dysfunction, leading to cognitive impairment (45, 46) . Intracerebroventricular injection of an anti-BDNF antibody exacerbated the cognitive deficits, as assessed by an MWM (47) . By contrast, exogenous BDNF improved the cognitive performance (48) . Importantly, BDNF concentrations are associated with CX3CL1. Chronic injection of CX3CL1 rescued the hippocampal-dependent memory deficit and reversed the decreased hippocampal neurogenesis in genetic BDNF variation mice (49) . Consistent with a previous study (4) , surgery-induced neuroinflammation decreased the levels of BDNF, which could be prevented by the administration of CX3CL1, indicating that CX3CL1 plays a crucial role in regulation of BDNF expression.
Collectively, this study demonstrated that surgeryinduced impairment of CX3CL1-CX3CR1 signaling plays a pivotal role in the exaggerated neuroinflammatory responses, microglial activation and subsequent neurobehavioral deficits in this rodent model. Exogenous CX3CL1 enhanced BDNF expression and inhibited the inflammatory response by modulation of microglial functions, which were accompanied improved cognitive function in the aged rats after a major surgical stress. Enhancing CX3CL1-CX3CR1 interactions could provide a promising therapeutic approach to prevent and/or treat POCD.
